Abstract Batch sorption experiments were carried out to investigate the potentiality of papaya leaf powder (PLP) for the removal of methylene blue (MB) from aqueous solution. The effects of various experimental parameters, such as adsorbent dose, initial solution concentration, contact time, and solution pH were also studied. The amount of dye adsorbed was found to increase with increase in initial dye concentrations. Papaya leaf adsorbs MB better in basic medium. The adsorption equilibrium data fitted well in the Langmuir isotherm equation with a monolayer sorption capacity of 512.55 mg g −1 . The kinetics of MB adsorption onto papaya leaf was examined using the pseudo-first and pseudo-second order and unified approach kinetic models. The adsorption kinetics followed the pseudo-second order kinetic model, but the rate constant was found to depend on initial dye concentration. The unified approach model described the equilibrium and kinetics well. The forward and backward rate constants were determined from the unified approach model.
Introduction
Textile dyeing process demands large amount of water and produces substantial volume of wastewater. Untreated or partially treated wastewater and industrial effluent discharged into the ecosystem pose a serious problem to the environment. This is because most dyes are synthetic compounds with complex aromatic molecular structures, which make them resistant to light, heat and oxidizing agents, non-biodegradable, and toxic to life with carcinogenic and mutagenic effects (Noroozi et al. 2007 ). In addition, presence of dye materials in water is aesthetically unpleasant. In recent years, many methods including coagulationflocculation, chemical oxidation, biological treatments, photodegradation, membrane filtration, and adsorption have been employed for treating dye containing wastewater (Ong et al. 2011; Robinson et al. 2001) . Adsorption has been found to be a superior technique compared to other methods of wastewater treatment in terms of effectiveness, cost and simplicity of design, ease of operation, and insensitivity to toxic substances (Meshko et al. 2001; Özcan et al. 2006; Sarma and Bhattacharyya 2005) . Studies have shown that activated carbons are good materials for the removal of different types of dyes but their use is sometimes restricted in view of higher cost. Problems of regeneration and difficulty in separation from the wastewater after use are the two major concerns of using these materials (Gupta and Suhas 2009 ). This has resulted in attempts by various researchers to search for more economic adsorbents. Natural materials or the waste/by-products of industries or synthetically prepared materials, which cost less and can be used as such or after some minor treatment as adsorbents are generally called low-cost adsorbents. Some locally available, low-cost materials used as adsorbent include cashew nut shell (Kumar et al. 2010) , burnt clay (Mumin et al. 2007 ), Posidonia oceanic (L.) fibrous biomass (Ncibi et al. 2007 ), rice husk (Vadivelan and Kumar 2005) , neem leaf powder (Bhattacharyya and Sharma 2005) , banana peel (Annadurai et al. 2002) , orange peel (Annadurai et al. 2002) , peanut hull (Gong et al. 2005) , coir pith (Namasivayam et al. 2001) , fly ash , glass fibers (Charabarti and Dutta 2005) , Aspergillus niger (Fu and Viraraghavan 2000) , cotton waste , neem sawdust (Khattri and Singh 2000) , lemon peel (Kumar and Porkodi 2006) , palm kernel fiber (Ofomaja 2007) , silica (Woolard et al. 2002), etc. In the present study, papaya leaf (Carica papaya L.) powder is used as an adsorbent for the removal of methylene blue (MB) from aqueous solution. Papaya (C. papaya L.) is a tropical crop. Papaya seeds have already been used as adsorbent for the removal of MB (Unuabonah et al. 2009; Hameed 2009 ), while the trunk of papaya tree has been used to adsorb mercury (II) (Bashaa et al. 2009 ). In Bangladesh, papaya leaf is available in huge amount all over the year, and it has no potential use in this country as well. Due to its abundant availability and low cost, it can also be disposed off after use without need for expensive regeneration. The used adsorbent can be disposed safely after incineration to prevent the further impact on the environment. The objective of the present work is to examine the suitability of papaya leaf powder (PLP) as an adsorbent for the removal of MB from aqueous solution. Isotherm and batch kinetic experiments were conducted to determine the equilibrium and kinetic parameters describing MB adsorption on PLP. The effects of solution pH and adsorbent mass on the adsorption of MB were also studied.
Materials and Methods

Reagents and Adsorbent
All chemicals used in this study were of analytical grade and were used without further purification. Methylene blue (a cationic dye), hydrochloric acid, and sodium hydroxide were purchased from MERCK, Germany. The stock solutions of MB (1,000 mg/L) were prepared in distilled water and working solutions were obtained by appropriate dilution. The natural pH of 200 mg/L dye solution was recorded as 6.8. The concentration of the MB in aqueous solution was measured using UV visible spectrophotometer (UV-1601, Shimadzu, Japan) at the wavelength of 664.5 nm where the maximum absorbance was observed.
Papaya leaves were collected from local papaya trees and were thoroughly washed for several times to remove dirt and earthy materials. Then, the washed leaves were dried under the sun for 2 days, and finally, were dried in an oven at 105°C overnight. The dried papaya leaves were ground and sieved using sieve shaker (Vibratory Sieve Shaker, Analysette 3). The particle range of 0.3-0.6 mm was used as adsorbent.
Batch Adsorption Studies
Batch adsorption tests were conducted in a set of 250 mL Erlenmeyer flasks where 200 mL of MB solutions with various initial concentrations (50-350 mg/L) were placed. A 0.1 g of prepared PLP was added to each flask. Then, the samples were agitated using a flash shaker (Stuart Scientific Co. Ltd., Model SF1, UK) at 450 osc/min. For equilibrium studies, each experiment was carried out for 180 min to ensure equilibrium was reached. Aqueous samples were taken from the solutions and the concentrations were analyzed. All samples were centrifuged prior to analysis in order to minimize the interference of the fine adsorbent particles with the analysis. The concentrations of MB in the supernatant solutions were measured. The adsorbed amount of MB at equilibrium, q e (mg/g), was calculated by the following equation:
where C o and C e are the initial and equilibrium MB concentrations (milligrams per liter), V is the volume of solution (liter), and W is the mass of dry adsorbent used (grams). The batch kinetic tests were performed following the same procedure used for the equilibrium tests. The aqueous samples were withdrawn at different time intervals. The concentrations of MB were then measured. The MB uptake at any time, q (milligram per gram), was calculated by the following equation:
where C t (milligrams per liter) is the liquid-phase concentration of MB at any time, t (minutes). In case of batch equilibrium and kinetic studies, experiments were performed at the original pH of dye solution without any pH adjustment.
Batch sorption experiments were also conducted to reveal the effect of adsorbent doses and solution pH on the removal of MB from aqueous solution. The effect of adsorbent dose was studied over an adsorbent dose range of 0.5 to 7 g/L using 200 mL of MB solution (200 mg/L) at the natural pH of dye solution. The influence of solution pH on the uptake of MB was studied by varying the pH from 2.2 to 10.2. The pH of dye solution was maintained at desired value by adding 0.1 M HCl or NaOH. The percentage removal of MB was calculated by the following equation:
Adsorption Isotherm
The isotherm models of Langmuir (Langmuir 1916) and Freundlich (McKay 1981) were used to interpret the batch equilibrium data. The Langmuir model assumes monolayer adsorption onto a surface with a finite number of identical sites which are homogeneously distributed over the adsorbent surface. The linearized form of Langmuir isotherm equation is as follows:
where q e is the amount of MB adsorbed per unit mass of adsorbent (milligrams per gram) at equilibrium; q ∞ is the maximum adsorption capacity (milligrams per gram); C e is the equilibrium concentration of the solution and K is the adsorption equilibrium constant. The value of q ∞ and K can be calculated from the slop and intercept of the linear plot of 1/q e versus 1/C e . The Freundlich isotherm is an empirical equation based on adsorption onto a heterogeneous surface. The linearized form of Freundlich isotherm can be represented by the following equation:
where k f and n are the Freundlich constants. The constant k f can be defined as a sorption coefficient that represents the quantity of adsorbed species for a unit equilibrium concentration (i.e., C e 01). The slope 1/n is a measure of the sorption intensity or surface heterogeneity. A value for 1/n below one indicates a normal Langmuir isotherm while 1/n above one is indicative of cooperative adsorption (Fytianos et al. 2000) .
Adsorption Kinetics
The kinetic data were fitted to pseudo-first-order, pseudo-second-order, and unified approach models.
Pseudo-First-Order Model
The following Langergren pseudo-first-order rate expression has been applied for determination of specific rate constant of adsorption (Lagergren 1898) :
where q e and q are the amounts of dye adsorbed (milligrams per gram) at equilibrium and at time t (minute), respectively, and k ad is the adsorption rate constant (per minute).
Pseudo-Second-Order Kinetic Model
The pseudo-second-order equation (Ho and McKay 1998) based on the equilibrium adsorption can be expressed as:
where k s [g/(mg min)] is the rate constant of pseudosecond-order model. If second-order kinetic equation Eq. (7) is applicable, the plot of t/q against t should give a linear relationship. The q e and k s can be determined from the slope and intercept of the plot. Islam et al. (2004) developed the unified approach model to characterize the adsorbent-adsorbate system using both equilibrium and kinetic concepts. The model is valid for the systems where equilibrium data fitted well with the Langmuir isotherm model. It is considered that the adsorption process could be described by a physico-chemical interaction of the type:
Unified Approach Model
where A, ac and acA represent, respectively, the adsorbate, active sites on the adsorbents, and active complexes, and k 1 and k 2 represent the rate constant for adsorption, desorption, respectively. The model is given by Equation:
where q is the amount of dye adsorbed (milligram per gram) at time t, C 0 is the initial concentration of dye (milligram per liter) and w a is the adsorbent dose (grams adsorbent per liter). At equilibrium, the following relations hold true:
where C e is the bulk dye concentration at equilibrium. At equilibrium Eq. 9 reduces to the Langmuir equation (Eq. 4). Solving Eq. 9, the following relation of q versus t is obtained:
with,
The calculated value of β directly gives the value of q e for a given initial concentration and adsorbent dosage.
Determination of pH at the Point of Zero Charge (pHpzc) of the Adsorbent
The pH at the point of zero charge (pHpzc) of the adsorbent in aqueous phase was analyzed with different pH values by using the titration method described elsewhere (Kiefer et al. 1997) . A 0.4 g adsorbent was taken in 100 mL of 0.1 M KNO 3 solution and agitated with magnetic stirrer. Then, the pH of the solution was measured. The titration was carried out with 0.1 M NaOH and 0.1 M HCl, respectively.
Results and Discussion
Effect of Adsorbent Dose
The percentage removal of dye as a function of adsorbent dose is shown in Fig. 1. From the figure , it can be seen that the percentage removal of MB increases from 55 % to 98.8 % for an increase in adsorbent dose from 0.5 to 7 g/L. This may be due to the fact that number of active sites capable of dye sorption increases with an increase in adsorbent dose. Similar trend was observed by a number of authors for the sorption of dye on cashew nut shell (Kumar et al. 2010) , peanut hull (Rong et al. 2005) , papaya seed (Hameed 2009 ). 
Effect of Concentration and Contact Time
Methylene blue solutions at different concentration (50, 100, 150 mg/L) were treated with 0.1 g of PLP. Figure 2 shows the effect of varying dye concentrations against the amount of MB adsorbed. The amount of dye uptake (milligrams per gram) increases with an increase in initial solution concentration. The equilibrium adsorption increases from 68.12 to 179.44 mg/g with increase in the initial MB concentration from 50 to 150 mg/L. This is due to the fact that by increasing the concentration of MB in solution, the availability of MB at the adsorbent interface also increases, thus enhancing the amount of adsorption. When the surface active sites of adsorbent are covered fully, the extent of adsorption reaches a limit resulting in saturated adsorption. Figure 2 also represents the adsorption of dye as a function of contact time for different initial concentrations. It is seen that the adsorption is rapid during initial stage and thereafter the rate decreases gradually leading to equilibrium. Around 55-65 % of dye is removed within first 10 min of adsorption, and the equilibrium time is virtually reached in 20 min at various initial MB dye concentrations.
Determination of pHpzc of the Adsorbent
The surface charge Q of the adsorbent was calculated from the experimental titration data using the following equation (Kiefer et al. 1997 )
where, w is the dry weight of adsorbent in aqueous system (grams per liter); C A is the concentration of added acid in aqueous system (moles per liter); Figure 3 shows the surface charge of the adsorbent as a function of solution pH. From Fig. 3 , it is obvious that the surface charge of the adsorbent at pH 6.3 is zero. Hence the pHzpc of PLP adsorbent is 6.3. .25 mg/g. This indicates that the adsorption of MB on to PLP is highly pH dependent. It is clear that pH determined the speciation of the MB as well as providing a favorable adsorbent surface charge for the adsorption to occur. From Fig. 3 , the adsorbent surface is negatively charged at solution pH values higher than 6.3 (pH pzc ). As MB is a cationic dye, which exists in aqueous solution in form of positively charged ion, adsorption occurs with negatively charged adsorbent surface due to electrostatic force of attraction. In addition, at pH>pH pzc , the negative charge density on the adsorbent surface increases with increase in pH which may be responsible for an abrupt increase in MB uptake in pH range of 6.3-10.2. Adsorbent surface is positively charged below the pH pzc . Thus, a force of repulsion occurs between the adsorbent surface and the dye cations. In addition, at lower pH the concentrations of H + being high, there might be competition between the H + and the positively charged MB cations for vacant adsorption sites. Consequently, at low pH (2.2-6.3), the adsorption is relatively low. These observations are in line with earlier findings of Dogan and Alkan (2003) . However, Hameed (2009) studied the sorption of MB on boiled papaya seed and reported that the equilibrium uptake of MB on papaya seed remained fairly constant over the initial pH range of 4 to10 and increased slightly for an increase in pH from 3 to 4. Unuabonah et al. (2009) reported that the adsorption of MB onto defatted papaya seeds (DPS) was almost independent of pH. There was a small increase in adsorption capacity of DPS adsorbent from 9.87 to 10.0 mg/g with the increase in pH from 4 to 10. The results suggest that the mechanism of adsorption of MB onto the PLP is different than onto the papaya seed adsorbents.
Effect of pH
Adsorption Isotherm
Langmuir plot for the adsorption of MB onto PLP is shown in Fig. 5 . The sorption equilibrium data fitted well to Langmuir isotherm equation with correlation coefficient value of 0.9974. The calculated isotherm parameters are shown in Table 1 . It is observed that the maximum adsorption capacity of PLP for MB is 512.55 mg/g (Table 1 ).
Langmuir equation can also be used to obtain, R L , the dimensionless equilibrium parameter or the separation factor from the expression (Weber and Chakkravorti 1974) ,
where C o is the highest initial concentration of the adsorbate and K is the Langmuir constant. The parameter R L indicates the shape of isotherm: if 0<R L <1, the isotherm is favorable; if R L 01, the isotherm is linear. The value of R L has been determined to be 0.2366 for MB for an initial dye concentration of 350 mg/L, indicating that the adsorption process is favorable.
For Freundlich isotherm, a plot of ln q e versus ln Ce results a straight line (correlation coefficient, R 2 0 0.9865) with a slope of 1/n and intercept of lnk f as shown in Fig. 6 . The value of 1/n is found to be 0.5594 (Table 1) , which is <1, indicating a normal Langmuir isotherm (Fytianos et al. 2000) . A comparison of maximum monolayer adsorption capacity of some low cost adsorbents to uptake methylene blue from aqueous solution is shown in Table 2 . From Table 2 , it is observed that methylene blue sorption capacity of PLP is relatively higher than some other low-cost adsorbents.
Adsorption Kinetics
Pseudo-First-Order Model
The values of pseudo-first-order rate constant k ad and equilibrium adsorption capacity q e were calculated from the slope and intercept of the linear plots (Fig. 7) of ln(q e −q) versus t, respectively, for different concentrations of MB. Calculated values of k ad and q e,cal are summarized in Table 3 . The correlation coefficient values are relatively small (between 0.49 and 0.92) while the experimental q e values do not agree with the calculated values obtained from the linear plots. This shows that the adsorption of MB onto the PLP does not follow the pseudo-first-order equation.
Pseudo-Second-Order Model
The plots of t/q versus t at the different initial concentration are shown in Fig. 8 and the kinetic parameters from Eq. (7) are presented in Table 3 . At all studied initial dye concentrations, the straight lines with extremely high correlation coefficients (>0.99) are obtained. Moreover, the calculated q e values are consistent with the experimental data. This indicates that the adsorption process of MB onto PLP is a pseudosecond-order nature and suggests that the chemical sorption is the rate-limiting step for the sorption process (Ho and McKay 1999) . As can be seen from Table 3 , the values of the rate constant k s decrease with increasing initial dye concentration. The reason for this behavior may be due to the lower competition for the sorption surface sites at lower concentration. At higher concentrations, the competition for the surface active sites will be high and consequently lower sorption rates are obtained. Similar phenomena have been reported by a number of authors in adsorption of congo red on cashew nut shell (Kumar et al. 2010) and acid dyes on surfactant-modified bentonites (Ozcan et al. 2005; Baskaralingam et al. 2006 ).
Unified Approach Model
The experimental kinetic data were fitted to Eq. 11 and the rate constant for the adsorption k 1 was determined from the slope of the equation. k 2 was calculated from Langmuir equilibrium constant K using the relation k 2 0k 1 /K. The k 1 and k 2 values are found to be independent of different initial concentrations. Table 3 summarizes the kinetic parameters found from unified approach model. Theoretical q values at different time for different initial concentrations can be calculated from the Eq. 12 using the values of rate constants and q ∞ . In Fig. 2 , the dense line represents the theoretical q line and the symbols are the experimental points. It is clear that the predicted adsorption data are in good agreement with those found experimentally. Thus, it can be seen that the unified approach model describes the equilibrium and kinetics well and is useful for modeling the MB adsorption on to PLP.
Conclusion
The present investigation shows that papaya leaf powder can be effectively used as an adsorbent for the removal of MB from aqueous solutions. MB is found to be adsorbed strongly on the surface of papaya leaf. The amount of dye uptake (milligram per gram) was found to increase with increase in initial solution concentration. PLP adsorbs MB better in basic medium. The MB removal increases from 55 % to 98.8 % for an increase in adsorbent dose from 0.5 to 7 g/L. Adsorption equilibrium data fits reasonably well to the Langmuir isotherm model. The value of the maximum monolayer adsorption capacity is 512.55 mg/g. The suitability of a pseudo-second-order kinetic model for the sorption of MB onto papaya leaf is apparent. Using equilibrium and kinetic data, the forward and backward rate constants are determined from the unified approach model. The rate constants are found to be independent of different initial concentrations. The data obtained from the batch experiments are useful to design the fixed bed adsorption column.
